Efficient polymer solar cells based on a low band gap copolymer poly͕͑9,9-dioctylfluorene͒-2,7-diyl-alt-͓4,7-bis͑3-decyloxythien-2-yl͒-2,1,3-benzothiadiazole͔-5Ј ,5Љ-diyl͖ and ͑6,6͒-phenyl-C 71 -butyric acid methyl ester ͑C 70 -PCBM͒ were demonstrated with 2.4% power conversion efficiency under air mass 1.5 G, 100 mW/ cm 2 illumination. The broad absorption peak of C 70 -PCBM in 440-530 nm complements the absorption valley ͑regions between two absorption peaks at 416 and 584 nm͒ of the polymer. The external quantum efficiency measurement further demonstrates that this increased absorption contributes significantly to the generation of photocurrent. Morphology studies on the blend films indicated that excellent miscibility between polymer and C 70 -PCBM favors exciton separation. The linear relationship between light intensity and short circuit current density shows efficient and balanced charge transport resulting in increased photocurrent and fill factor. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2361082͔
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In the past decade, the development of polymer solar cells has attracted increasing attention due to their light weight, low cost, and potential for large area devices facilitated by their solution processability.
1,2 Solar cells based on a bulk heterojunction ͑BHJ͒ of regioregular poly͑3-hexylthiophene͒ ͑Refs. 3 and 4͒ ͑RR-P3HT͒ and ͑6,6͒-phenyl-C 61 -butyric acid methyl ester 5 ͑PCBM͒ have been reported to have superior performance over other systems. [6] [7] [8] With a large push for commercialization of polymer solar cells, one major effort focuses on low band gap ͑LBG͒ conjugated polymers with broader absorption in the solar spectrum, i.e., more absorption in the red and infrared ranges. [9] [10] [11] [12] [13] [14] [15] [16] However, solar cells based on LBG polymer still show lower efficiency compared to RR-P3HT/PCBM systems. One reason is that reliable synthetic routes, which yield well-defined processable materials in good yield and with a sufficient molecular weight to ensure film forming properties ͑M n Ͼ 20 000͒, 16 are difficult to find. Recently we have addressed the above difficulty and reported the synthesis and characterization of two regioregular copolymers that are based on 3-alkoxythiophene monomers. 17 Power conversion efficiency of 1.6% was obtained under simulated solar light AM 1.5 G ͑100 mW/ cm 2 ͒ from a solar cell with an active layer containing 20 wt % poly͕͑9,9-dioctylfluorene͒-2,7-diyl-alt-͓4,7-bis͑3-decyloxythien-2-yl͒-2,1,3-benzothiadiazole͔-5Ј ,5Ј-diyl͖ ͑PF-co-DTB͒ and 80 wt % PCBM. Polymer PF-co-DTB has high molecular weight, M n = 68 000 and M w = 115 000 ͑polydis-persity indexϭ1.7͒, and is soluble in most common organic solvents. In this letter, we demonstrate efficiency of up to 2.4% in BHJ solar cells of PF-co-DTB by replacing acceptor PCBM with its higher fullerene analog, ͑6,6͒-phenyl-C 71 -butyric acid methyl ester ͑C 70 -PCBM͒. PCBM is not ideal because of its low absorption coefficient. The high structural symmetry in C 60 fullerene molecule forbids lowenergy transitions and renders the absorption spectrum limited in the visible range. Up to 80 wt. % of PCBM is necessary for optimal performance arising from a strong enhancement of hole transport in polymer. 18 It has been demonstrated that improved light absorption can be achieved by using C 70 -PCBM blended with poly͓2-methoxy-5-͑3,7-dimethyloctyloxy͒-1, 4-phenylene vinylene͔ ͑MDMO-PPV͒, resulting in 50% higher short circuit current density ͑J SC ͒.
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Open circuit voltage ͑V OC ͒ and fill factor ͑FF͒ were reduced, both of which were attributed to recombination losses and higher series resistance. 19 Here we study the effect of C 70 -PCBM blended with low band gap conjugated polymer PFco-DTB. Both J SC and FF are increased with no loss in V OC , which can be attributed to better light absorption and charge transport in the interpenetrating donor/acceptor system.
The polymer photovoltaic cells in this study consist of an active layer of PF-co-DTB/ C 70 -PCBM blend thin film sandwiched between a transparent indium tin oxide anode and a metal cathode. PF-co-DTB was synthesized according to the method described in Ref. 17 . C 70 -PCBM ͑Solenne B.V.͒ was used as received ͑Fig. 1͒. We dissolved PF-co-DTB with C 70 -PCBM in 1,2-dichlorobenzene ͑ODCB͒ due to better solubility of C 70 -PCBM in ODCB than in chlorobenzene ͑CB͒. Different weight ratios were used ͑33, 50, 67, and 80 wt % C 70 -PCBM͒. Conventional device fabrication process is as described before. 8 LiF ͑1 nm͒ and Al ͑100 nm͒ were thermally evaporated as the cathode. Thermo-Oriel 150 W solar simulator with AM 1.5 G filter set provides 100 mW/ cm 2 illumination, determined by a Natural Resource Ecology Laboratory calibrated Si detector ͑with KG-5 color filter͒ and spectral mismatch is corrected. External quantum efficiencies ͑EQEs͒ were measured by using lock-in amplifier ͑SR830, Stanford Research Systems͒ under short circuit condition when the devices were illuminated by monochromatic light from a xenon lamp passing through a monochromator ͑SpectraPro-2150i, Acton Research Corporation͒. Atomic force microscopy images were obtained by multimode scanning probe microscopy ͑Veeco Inc.͒. Figure 1 shows the UV-visible absorption spectra of pure PF-co-DTB film, C 70 -PCBM film, and their blend films in different weight ratios. Pure PF-co-DTB thin film shows two broad absorption bands with peaks at 416 and 584 nm attributed to the fluorene unit and the DTB unit due to internal charge transfer. PF-co-DTB is a low band gap polymer ͑1.78 eV͒ and shows redshifted absorption compared to MDMO-PPV and P3HT caused by the electron-donating effect of alkoxy side chain and a more coplanar structure of the main chain. 17 However, the two-band feature makes it less efficient in light absorption in the "valley" region between the two bands, i.e., 430-530 nm. On the contrary, pure C 70 -PCBM film shows strong absorption in this range and hence complements PF-co-DTB. When 50 wt. % C 70 -PCBM is added into PF-co-DTB, we observe significant absorption enhancement in 430-530 nm and the absorption feature of C 70 -PCBM ͑370 nm͒ starts to appear. When more C 70 -PCBM ͑67-80 wt. % ͒ is added into the polymer, features of C 70 -PCBM ͑370 and 480 nm͒ become more pronounced and the blend film shows a near flat absorption profile in contrast to the "two-band" shape absorption of the pure polymer. We also performed photoluminescence measurements for the above films. Pure PF-co-DTB film shows emission peak at 710 nm. Complete quenching of polymer emission by adding 33 wt % C 70 -PCBM is observed, suggesting efficient photoinduced electron transfer from the polymer to C 70 -PCBM.
Morphology of the composite layer strongly influences the bulk heterojunction photovoltaic performance. 20 Efficient charge generation and transport strongly relate to even dispersion of polymer and fullerene. Because large fullerenes tend to be less soluble, different solvents have been used for optimal processing conditions. For example, PCBM: MDMO-PPV solar cells were spun from CB and C 70 -PCBM: MDMO-PPV were spun from ODCB. 19, 21 Tapping mode atomic force microscopy was employed to investigate the surface of mixture. Figure 2 shows the height and corresponding phase images for the composite PF-co-DTB/PCBM film cast from CB and PF-co-DTB/ C 70 -PCBM film cast from ODCB. To match the conditions used for optimized device preparation, films were prepared under the same conditions, except for the top electrode. The height image of PCBM blend film reveals rather uneven surface ͑root mean square roughness of 4.0 nm͒ with reproducible phase contrast. Because phase contrast is related to the difference in mechanical property ͑adhesion and stiffness͒ of materials, this clearly indicates that the peaks and valleys are of different chemical nature. Separate domains with feature size of approximately 200-300 nm can be recognized. For comparison, C 70 -PCBM blend film reveals a uniform mixing ͑root mean square roughness of 0.8 nm͒ of constituents with unobservable phase contrast, indicating excellent miscibility between PF-co-DTB and C 70 -PCBM. Because the exciton diffusion length in organic materials is typically small ͑ϳ10 nm͒, intimate mixture favors exciton separation and therefore higher photocurrent.
Improvement in absorption and film morphology of PF-co-DTB/ C 70 -PCBM blend film is also reflected in photovoltaic device performance. Photovoltaic devices were optimized with respect to the polymer: fullerene ratio and layer thickness. The best cells have a photoactive layer thickness of about 70 nm, containing 80 wt % of the C 70 -PCBM. J-V measurements in the dark and under illumination are shown in Fig. 3͑a͒ . From these graphs, J SC = 6.1 mA/ cm 2 , V OC = 0.76 V, and FF= 55% can be extracted. A good diode behavior in the dark with a rectification factor close to 1000 ͑at ±1.5 V͒ is shown in the inset of Fig. 3͑a͒ . Device performance using PCBM as acceptor is also included in Fig. 3͑a͒ for comparison. About 50% increase in J SC is further evidenced from the EQE measurements shown in Fig. 3͑b͒ . Convolution of the spectral response with the AM 1.5 G spectrum affords an estimate for the current density under solar irradiation of 6.3 mA/ cm 2 . This value matches well to J SC obtained from J-V data. EQE of a PCBM based device is also shown in Fig. 3͑b͒ , which reflects the two-band absorption feature of the polymer. In contrast, EQEs of C 70 -PCBM based devices show a broad peak in this region with 49% efficiency at 480 nm. This indicates that C 70 -PCBM not only provides complementary absorption with PF-co-DTB but that such absorption also significantly contributes to the generation of photocurrent. As the two-band feature is a widely observed phenomenon for LBG polymer, [11] [12] [13] [14] [15] incorporating C 70 -PCBM in LBG polymer provides a general method to improve its solar spectral coverage as well as device performance. Light intensity dependent measurement of PF-co-DTB/ C 70 -PCBM ͓inset of Fig. 3͑b͔͒ within a range of 10 −2 -10 2 mW/ cm 2 reveals a perfect linear relation ͑slope = 1.00͒ between light intensity and short circuit current density. This suggests that recombination losses responsible for V OC reduction in Ref. 19 do not occur in this case. 22 Better FF ͑55%͒ and reduced slope of the J-V curve in reverse bias also substantiate the balanced transport originating from a more uniform morphology.
In conclusion, we have demonstrated a 50% performance improvement by applying a better electron acceptor C 70 -PCBM to replace PCBM for low band gap polymer PFco-DTB. The absorption of C 70 -PCBM is complementary to that of PF-co-DTB. Excellent miscibility between the polymer and C 70 -PCBM favors better exciton separation and charge transport. Under AM 1.5 G, 100 mW/ cm 2 illumination, the obtained efficiency is 2.4%, with both J SC and FF increasing and no loss in V OC when compared to PCBM as the acceptor.
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